In vitro transcription of SPP1 DNA occurred on only one of the two strands, the same which is predominantly transcribed in SPP1-infected cells. Transcripts were distributed in several size classes. Analysis of elongation kinetics and of size distribution, coupled with hybridization to DNA restriction fragments, showed that some regions of the template have more initiation sites than others; some have none. Some regions were transcribed directly, some were transcribed from initiation sites located in other regions, and one was never transcribed. Several transcription initiation sites on SPP1 DNA are located on EcoRI fragment 1; four to five others are distributed among other fragments. Cutting the DNA with EcoRI did not introduce artifactual initiation sites. In vitro transcription units can be localized and oriented with respect to the EcoRI restriction map of SPP1 DNA.
SSP1, a virulent Bacillus subtilis phage, has a linear double-stranded DNA of 25 x 106 daltons (9, 10) coding for 23 identified viral polypeptides whose genes have been mapped (2) .
The ease with which this virus and its DNA can be manipulated and the availability of a well-defined genetic map have made this system an interesting subject for the study of phage development and gene expression (1, 2, 6) .
During infection, only one of the two DNA strands (H) is transcribed, except for a short, transient period in which transcription of the L strand has been observed (3, 7) . SPP1 infection appears to rely on host RNA polymerase throughout the infective cycle, as shown by the effect of rifampin and streptolidigin on phage production (6) . Furthermore, if infection is carried out in the presence of chloramphenicol, most of the viral RNA species found at late times in a normal infection are still produced, as shown by hybridization-competition experiments (7) . In other words, most viral transcription in infected cells can be carried out by unmodified host RNA polymerase. Although this does not exclude that viral transcription is regulated by possible control mechanisms during infection, it strongly suggests that the simple interaction of host RNA polymerase with SPP1 DNA plays an important role in determining the sequence of viral expression. Studies of SPP1 transcription can thus provide useful information on the physiology of infection of this bacteriophage and, more generally, on transcription in B. subtilis.
In vitro transcription of SPP1 DNA with purified B. subtilis RNA polymerase also gives asymmetric RNA complementary to the H strand (7) . Hybridization-competition experiments have shown that this in vitro made RNA contains most of the species present late in infection. These results have suggested that SPP1 transcription might be reproduced in vitro with considerable fidelity and led us to analyze in more detail the in vitro transcription process. In the study we report here, initiation sites and transcribed sequences were localized on the EcoRI restriction map of SPP1 DNA. Hybridization analysis with DNA restriction fragments has suggested that some regions of the template are transcribed directly from initiation sites within the same region, whereas other regions are transcribed only by elongation of RNA chains started elsewhere on SPP1 DNA. Analysis of elongation kinetics has provided some information about the size and orientation of transcription units.
MATERIALS (14) . RNase A was purchased from Calbiochem and boiled for 10 min at 1 mg/ml in 10 mM Tris-hydrochloride (pH 7.9) before use. Rifampin was generously provided by G. Lancini from Lepetit (Milano). SPP1 DNA purification. DNA was extracted from CsCl-purified phage with an equal volume of a phenolchloroform mixture (60 g of phenol dissolved in 40 ml of chloroform). Extraction of the aqueous phase was repeated until no more interphase was visible. DNA was then dialyzed against 10 mM Tris-hydrochloride (pH 7.5)-i mM EDTA-1 M NaCl followed by dialysis against the same buffer containing 10 RNA polymerase and DNA concentrations, as well as UTP specific radioactivity, were as described in the figure legends for each experiment. Incubations were at 37 or 25°C as indicated and were stopped by addition of 20 mM EDTA and 1% SDS (final concentrations). Incorporation kinetics were followed by precipitating samples of the reaction in 5% trichloroacetic acid containing 1% sodium pyrophosphate. Acid-insoluble material was collected on GF/C glass filters (Whatman), which were then washed with the same solution and then with ethanol, dried, and counted in a liquid scintillation counter. For size analysis and hybridization experiments, reactions were stopped at the indicated times and passed through G-75 columns (Sephadex) equilibrated with sterile buffer containing: 10 mM Tris-hydrochloride (pH 7.5), 1 were then brought to 500 pl with 10 mM Tris-hydrochloride (pH 7.5)-10 mM EDTA and dialyzed overnight against the same buffer, made 0.2 M in NaCl, and ethanol precipitated. Precipitates were collected by centrifugation for 30 min at 35,000 rpm and 2°C in an SW60 rotor, dissolved in a fivefold dilution of electrophoresis buffer, and subjected to electrophoresis in 1% agarose columns as above. Increasing the salt concentration to 0.4 M NaCl before filtration and subsequently washing the filters with buffer containing 0.4 M NaCl did not modify the results.
Transcription of EcoRI-digested SPP1 DNA. SPP1 DNA was digested with EcoRI as described above. At the end of digestion, the reaction composition was modified to give standard transcription conditions but omitting UTP. After incubation for 5 min at 37°C in the presence of RNA polymerase, [a-32P]UTP was added, followed by rifampin (1.5 ug/ml) after 30 s. Incubation was continued at 37°C for 30 min.
The reaction was then stopped, and [32P]RNA was purified for sedimentation analysis or for hybridization to fragments as described above.
RESULTS
Different size classes of in vitro RNA. SPP1 DNA is actively transcribed in vitro by B. subtilis RNA polymerase. However, when the reaction is carried out at 370C (with limiting concentrations of enzyme) and if initiation events are restricted to the first 30 s by addition of rifampin, the incorporation rate decreases drastically after about 5 min of synthesis ( Fig.  1 ). This effect, due perhaps to enzyme inactivation on the template, is less pronounced if the reaction is performed at 250C (Fig. 1 (Fig. 3) . We separated these fragments by electrophoresis in 1% agarose gels, denatured them in the gel with alkali, and transferred them to a nitrocellulose membrane according to the technique described by Southern (12) .
Equal amounts of 32P-labeled RNA made in vitro in 1, 2, 5, 10, 20, and 30 min at 250C were then hybridized to the separated, denatured fragments (Fig. 4) .
From hybridization patterns, the following conclusions can be drawn. (i) Even after prolonged synthesis, RNA does not uniformly hybridize to all fragments: in other words, some DNA regions are more abundantly transcribed than others. This could be due to either a higher number of initiation sites within a given fragment or elongation "into a fragment" of RNA chains coming from another fragment; or to the fact that some DNA regions are only partially transcribed. (ii) Regions corresponding to some fragments are initially (i.e., 1 min) more transcribed than others (e.g., fragments 1, 4, [7] [8] 13 [7] [8] . This should mean that chain elongation is mostly going out of these regions rather than into them.
Correlation between RNA size and regions transcribed. Some of the conclusions drawn from the experiment described in Fig. 4 should be supported by an analysis of hybridi- zation properties of different size classes of RNA. If a region is only transcribed after prolonged synthesis, the corresponding transcripts should be found mostly on long RNA molecules. Conversely, sequences present mostly on small transcripts should be those whose relative abundance decreases with time of synthesis.
RNA made in 20 min at 25°C was fractionated on a sucrose gradient (Fig. 2) (12) , as described in the text. Exposure time for autoradiography was 48 h. Films were then developed and scanned with a microdensitometer. All scans were normalized to the height ofthe hybridization band offragment 1. because UTP is absent) and with RNA polymerase; they should therefore be retained on the filter. Fragments containing no such complexes should pass through the filter. The results of such an experiment are shown in Fig. 6 . When no RNA polymerase was present, no DNA was retained on the filter, and all fragments were recovered in the filtrate (Fig. 6e and f) . When RNA polymerase was added to the incubation mixture, only some of the fragments were re-J. VIROL. [32p]-RNA made in 20 min at 25°C was subdivided into four size classes, as indicated in Fig. 2 . Each class was then separately hybridized to separate EcoRI restriction fragments of SPP1 DNA on nitrocellulose strips, as in Fig. 4 . After autoradiography, films were scanned with a microdensitometer. Scans were nornalized to the height of the hybridization band of fragment 1. tained on the filter, namely, fragments 1, 2, 4, 8, and 10 (Fig. 6b) . None of them were completely retained (Fig. 6a) . When the enzyme-DNA ratio was increased, the fraction of material remaining on the filter for each retained fragment increased accordingly ( Fig. 6c and d) . This 6 . Retention on nitrocellulose filters of initiated complexes. SPP1 DNA (3 Pig) was digested with EcoRI. At the end of digestion, the reaction was modified to give the standard composition for RNA synthesis, with the exception that UTP was omitted. The sample was then split into three aliquots (100 ,ul each): to two of them RNA polymerase was added (0.30 and 0.75 U, respectively). All reactions were then incubated at 37°C for 10.min, chilled, and filtered on nitrocellulose membranes as described in the text. Filtrates and material originally retained on filters were then dialyzed, ethanol precipitated, and analyzed by electrophoresis on 1% agarose gels. emphasize, however, that conditions used in the complex retention experiment were the same which were used for RNA synthesis.
It is interesting to compare the results of these experiments with those obtained by studying the kinetics of RNA chain elongation (Fig. 4 and 5) . From those experiments it was concluded that the region corresponding to fragment 6 was never transcribed in vitro and that regions corresponding to fragments 3 and 12 were only transcribed after prolonged synthesis, suggesting that none of them contains initiation sites. This is confirmed by the complex retention experiment (Fig. 6) showing that fragments 3, 6, andscribed after 1 min at 25°C (Fig. 4) , confirming our previous interpretation that they must contain initiation sites. Two regions, corresponding to fragments 5 and 13, are also immediately transcribed (Fig. 4) , but their fragments are not retained on nitrocellulose (Fig. 6) . Our interpretation is that those regions are transcribed from external initiation sites very close to them. This is in agreement with the observation that region 5 is initially (1 min) poorly transcribed (Fig. 4) with respect, for example, to fragment 4. From 1 to 5 min, however, transcripts complementary to fragment 5 increase in abundance relative to fragment 4, suggesting that elongation might in fact go into region 5 and/or out of region 4.
If initiation on fragmented DNA occurs at defined initiation sites, then transcription of fragments and hybridization of RNA to the separate fragments should confirm which fragments contain initiation sites and which do not. Furthermore, the extent of hybridization to each fragment should give additional information on the number and location of initiation sites within fragments. In fact, if both the transcription and hybridization reactions are carried out in DNA excess conditions, the amount of RNA hybridized to a particular fragment should be proportional to RNA chain length and to the number of initiation sites within that fragment. If only a very small amount of RNA is made on a particular fragment, this would suggest that only a portion of it is transcribed from its initiation site. If a very large amount of RNA is synthesized on a given fragment, then most likely overlapping transcription from several initiation sites is taking place (remember that in vitro transcription of SPP1 DNA goes only in one direction). SPP1 DNA was first digested with EcoRI and then transcribed for 30 min at 37°C, as described in Materials and Methods. Initiation events were restricted to the first 30 s by addition of rifampin (1.5 jLg/ml). Under these conditions, transcription is, of course, limited by the ends of each fragment. Figure 7 shows the size distribution of RNA made in 30 min on EcoRI treated-SPP1 DNA as compared to the size distribution of RNA made on intact SPP1 DNA in 20 min. It can be seen that the largest species (>28S) are missing in the former. This proves that with intact DNA, RNA chain elongation can cover regions corresponding to more than one fragment, confirming previous conclusions from the study of elongation kinetics (Fig. 4 and 5 hybridized to separated denatured fragments, the pattern shown in Fig. 8 was obtained. Only fragments 1, 2, 4, 8, and 10 were clearly hybridized, confirming the results of complex retention experiment shown in Fig. 6 . (This, incidentally, Lconfirms that no fragment was retained on the filtfer by simple RNA polymerase binding and in the absence of initiation, since all fragments retained on the filter were transcribed in this experiment.) Quantitatively, however, hybridized radioactivity was not distributed among those fragments in proportion to their molecular weights. The great majority of RNA hybridized to fragment 1, suggesting that several initiation sites are located on that fragment. This again is in agreement with our conclusions from the filter retention experiment (Fig. 6) Analysis of elongation kinetics and of size distribution, coupled with hybridization to restriction fragments of SPP1 DNA, has allowed us to define some properties of different regions of the template. Some regions are transcribed directly (i.e., from initiation sites within the same region), some indirectly (from exterior initiation sites), and some both directly and indirectly. Some regions are never transcribed to a detectable extent in our in vitro system. The location of initiation sites has been confirmed by retention on nitrocellulose membranes of DNA restriction fragments containing initiated complexes and by fragment transcription analysis. Some regions have more initiation sites than others; some have none.
This analysis, together with the fact that only one of the two DNA strands is transcribed in vitro from any one of the initiation sites (7), strongly suggests that transcription with purified host RNA polymerase may be relevant to viral transcription in the infected cell. We know, in fact, that the strand transcribed in vitro (H) is the same which is predominantly transcribed in vivo (7).
Strand polarity has also been recently determined (T. A. Trautner, personal communication), so the direction of transcription is uniquely defined. When our data on in vitro transcription are combined with a (partial) EcoRI restriction map of SPP1 DNA (kindly made available to us before publication by T. A. Trautner), the pattern shown in Fig. 9 is obtained. No obvious incoherence appears in the in vitro transcription map, with the possible exception of fragment 13. We find that this region is readily transcribed, but we have not been able to show that it contains initiation sites. Thus, it should be transcribed from a nearby initiation site to its right, 1 indicates that overlapping transcription from several initiation sites is taking place. The arrow is broken at fragmentwhich could only be in fragment 3. This fragment, however, also lacks initiation sites. One possible explanation for this apparent contradiction could be that cutting with EcoRI destroys an initiation site located at the right end of fragment 13. Alternatively, one should admit that resolution in the gel region corresponding to these small fragments is too low to allow detection of initiation sites with our techniques.
Clearly, to assess the relevance of the in vitro transcription process to the SPP1 genome expression in vivo, more information about SPP1 transcription in infected cells will be necessary. However, the fact that unmodified host RNA polymerase is able to synthesize most RNA species found in infected cells (7) strongly suggests that the interaction between purified RNA polymerase and SPP1 DNA may reflect some features of (at least) early phage development. On the other hand, it should be emphasized that regulatory mechanisms in SPP1 infection are not excluded. In fact, preliminary data on in vivo transcription analysis from our and another laboratory (Trautner, personal communication) show that fragment 6 is transcribed late in infection, in contrast to our in vitro results. The possibility exists that this fragment is transcribed from the L strand. Finally, the techniques described in this paper should be of general use in procaryotic transcription systems. Similar methods have been successfully used by others to analyze transcription of other phage DNAs (4, 5, 11, 13) . Of particular interest is the fact that cutting a DNA with EcoRI does not introduce artefactual initiation sites. This allows small regions of DNA to be studied as independent transcription units.
